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I n t r o d u c t i o n  

GAHNAs (Geometric and Material Nonlinear Ana lys i s  of S t r u c t u r e s )  is a 

two-dimensional f i n i t e  element stress analysis program. 

developed t o  suppor t  f r a c t u r e  mechanics s t u d i e s  of debonding and delaafaation 

(refs. 1-31. Options inc lude  l i n e a r ,  geometric n o n l i n e a r ,  material n o n l i n e a r ,  

and combined geometric and material n o n l i n e a r  a n a l y s i s .  

The program was 

me purpose of t h i s  manual is to  document the theoretical basis of (;dMNAs 

and to  provide i n s t r u c t i o n  i n  the use of the program. 

o r g a n i z a t i o n  and logic are presented i n  o r d e r  t o  guide the *mer who needs to 

modify the code to  meet PO= specjal need. 

element a n a l y s i s  is assumed. 

Details of tbe program 

F a m i l i a r i t y  wi th  llnear f i n i t e  

F i r s t ,  t h e o r e t i c a l  a s p e c t s  of GAMNAS are presented. Then program speci- 

f i c a t i o n s ,  such as al lowable prnblem bize ,  are given. N e x t  the program orga- 

n i z a t i o n  is descr ibed-  F i n a l l y ,  the  r equ i r ed  i n p u t  data is descr ibed.  Brief 

d e s c r i p t i o n s  of the subrou t ines  and major program v a r i a b l e s  are giwen in 

Appendix A. Appendix B g i v e s  input  data and r e s u l t s  f o r  s e v e r a l  saaple 

p r o b l e x .  

strategies. 

Appendix C b r i e f l y  d i s c u s s e s  error messages and p o s s i b l e  debug 

Success fu l  use of any f i n i t e  element program depends l a r g e l y  OD t h e  

a b i l i t y  of the  a n a l y s t  t o  q u a l i t a t i v e l y  p r e d i c t  the response of a conf igu ra -  

t i o n  beforz  a t t empt ing  d e t a i l e d  f i n i t e  element a n a l y s i s .  

g e n e r a l l y  be based on experience and poss ib ly  some s t r e n g t h  of materials 

arguments. Also. very coarse f i n i t e  clement models can be use fu l .  I n s i g h t  is 

p a r t i c u l a r l y  important f o r  non l inea r  a n a l y s i s ,  i n  which q u e s t i o n s  of conver- 

gence. uniqueness of s o l u t i o n ,  and s o l u t i o n  s t r a t e g y  mst be addressed. 

Hence, the u s e r  should become thoroughly f a m i l i a r  w i th  t h e  t h e o r e t i c a l  basis 

of GAUNAS and then ga in  experience by ana lyz ing  a v a r i e t y  of simple configura-  

t i o n s  before a t t empt ing  t o  analyze a complex conf igu ra t ion .  

T h i s  i n s i g h t  w i l l  
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Nomenclature 

incremental  s t r a i n - d i s p l a c e a e n t  matrix 

e l a s t o - p l a s t € c  c o n s t i t u t i v e  e ra t r lx  

Young ' s m d u  l u s  

y i e l d  s u r f a c e  f u n c t i o n  

total  s t r a in -ene rgy- re l ease  rate 

mode I and mode 11 colaponents of s t r a in -ene rgy- re l ease  rate 

memt of i n e r t i a  

transformed global s t i f f n e s s  e ta t r ix  

l i n e a r  and t a n g e n t i a l  s t i f f n e s s  matrices, r e s p e c t i v e l y  

a m e n t  

f o r c e s  t r a n s m i t t e d  through crack t i p  i n  the L and d i r e c t i o n s  

a p p l i e d  load vec to r  

transformed a p p l i e d  load v e c t o r  

t r ans fo rma t ion  ma t r ix  

displacements  f n  x and p d i r e c t i o n s ,  r e s p e c t i v e l y  

displacements  in x and d i r e c t i o n s ,  r e s p e c t i v e l y  

vo lurae 

r e c t a n g u l a r  C a r t e s i a n  coord ina te s  

r o t a t e d  r e c t a n g u l a r  C a r t e s i a n  c o o r d i n a t e s  

f r a c t i o n  of s t r a i n  increment r equ t r ed  to reach y i e l d  st rface 

v i r t u a l  crack c l o s u r e  l eng th  

i n c r e a e n t  t o  nodal displacement v e c t o r  

s t r a I n  increment 

s t r a i n  increment r equ i r ed  to reach y i e l d  s u r f a c e  

s t r a i n  increment a f t e r  reaching y i e l d  s u r f a c e  

nodal displacement vec to r  

t r a n s  formed nodal d i s p  Lacement vector 

- 
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normal s t r a i n s  i n  x and y d i r e c t i o n s  and shear s t r a i n  i n  xy 

p lane ,  re spec  t i ve l y  

s t r a i n  vector 

p l a s t i c  s t r a i n  increment 

p r o p o r t i o n a l i t y  cons tan t  

e f f e c t i v e  stress, equal  t o  (ux + uy + ue - u u - u u - 2 2 2  
= Y  Y e  

2 1/2 u u + 3uv) x z  
u n i a x i a l  y i e l d  stress 

stress vec to r  

stress vec tor  before  s t r a i n  increment 

stress vec to r  a f t e r  s t r a i n  increment 

r e s i d u a l  fo rce  vec to r  

Theory 

Governing Equat ions 

T h i s  s e c t i o n  o u t l i n e s  the  t h e o r e t i c a l  basis for the  GAMNAS computer 

code. F i r s t ,  geometr ic  and material n o n l i n e a r i t y  are d iscussed  i n  genera l .  

Then a p p l i c a t i o n  of t he  displacement based f i n i t e  e1emer.t method t o  non l inea r  

problems are discussed.  

i n  r e f s .  4 and 5, where d e t a i l s  may be found. 

The d e s c r i p t i o n  given here  follows c l o s e l y  that g iven  

Herein,  geometr ic  non l inea r  a n a l y s i s  r e f e r s  t o  an a n a l y s i s  which ca lcu-  

la tes  s t r a i n s  us ing  the  Lagrangian non l inea r  s t r a i n d i s p l a c e m e n t  r e l a t i o n s ,  

eqns. (1)  
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The second-order terms i n  eqns. ( I )  account  for  f i n l t e  r o t a t i o n s .  However, 

t h e  s t r a i n s  are s t i l l  assumed t o  be infinitesimal. 

For material non l inea r  a n a l y s i s ,  t h e  non l inea r  r e l a t i o n s h i p  between 

stress and s t r a i n  is def ined  incremental ly .  eqn. (2 )  

The non l inea r  e l a s t o - p l a s t i c  c o n s t i t u t i v e  ma t r ix  [D*] is a f u n c t i o n  of t h e  

assumed y i e l d  s u r f a c e  and flow r u l e  and t h e  c u r r e n t  s tress state. GAMNAS uses 

t h e  von Mises y i e l d  s u r f a c e ,  eqn. (3)  and a flow r u l e  based on t h e  normal i ty  

p r i n c i p l e .  eqn. (4). 

- u  2 1/2 2 2  
Y S  

F = ( a t  + ay + az - a a - a a - axUz  + 3 O W )  
X Y  Y =  

( 3 )  

The ins t an taneous  u n i a x i a l  y i e l d  stress, ci i n  eqn. (3 )  is a f u n c t i o n  of the  

s t r a i n  h i s t o r y  and the  s p e c i f i e d  u n i a x i a l  s t r e s s - s t r a i n  curve. Three types  of 

u n i a x i a l  s t r e s s - s t r a i n  curves  can be s p e c i f i e d :  e l a s t o - p l a s t i c ,  b i l i n e a r ,  and 

Raaberg-Osgood. These are shown schematically i n  f ig .  1. GAMNAS can only 

ana lyze  p l a s t i c  deformatlon of i s o t r o p i c  m a t e r i a l s .  --- 

Y S '  

App l i ca t ion  of t he  F i n i t e  element method t o  non l inea r  problems is very 

sim€lar t o  t h a t  f o r  l i n e a r  problems. In both cases a system of equa t ions  is 

der ived  which expres ses  the  equ i l ib r ium of i n t e r n a l l y  genera ted  f o r c e s  i n  a 

body wi th  e x t e r n a l l y  app l i ed  fo rces ,  eqn. ( 5 )  

I n  eqn. ( 5 )  {$), {a),  and {R) are the  r e s i d u a l  f o r c e ,  stress, and app l i ed  load 

v e c t o r s ,  r e spec t ive ly .  The i n t e g r a l  is t h e  vec to r  of i n t e r n a l l y  genera ted  
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forces. The mat r ix  [ 6 ]  is the  incrementa l  s tmln -d i sp lacemen t  matrix, as 

d e f i n e d  by eqn. ( 6 )  

where [61 is  t h e  nodal displacement  vec to r ,  i . e . ,  a list of u and v 

d isp lacements  a t  the  nodes. For l i n e a r  problems eqn. ( 5 )  is a l i n e a r  set of 

equa t ions  wi th  unknowns {6). 

For  geometr ica l ly  n o n l i n e a r  problems eqns. (1 )  a r e  used wi th  eqn. (6) to  

d e r i v e  [B]. The matr ix  [ z ]  is found to  vary l i n e a r l y  w i t h  {S), as is expec ted  

from the  q u a d r a t i c  €orm of eqn. (1). The stresses {u} are l i n e a r l y  r e l a t e d  to 

t h e  s t r a i n s ,  which vary q u a d r a t i c a l l y  wi th  {6). Hence, eqn. ( 5 )  is a set of 

cub ic  equa t ions  i n  (6). 

For  e l a s t o - p l a s t i c  problems, t h e  ma t r ix  [g ]  is independent of {S}, but  

t h e  r e l a t i o n s h i p  between { a }  and {u)  is a complicated non l inea r  €unct ion.  

Furthermore, t h e  r e l a t i o n s h i p  between {a )  and {a) is pa th  (i.e. , h i s t o r y )  

dependent. Hence, t h e  s o l u t i o n  of eqn. (1) f o r  a d e s i r e d  load  l e v e l  is 

obta ined  by d i v i d i n g  the  t o t a l  load i n t o  a series of small load  increments .  

For each load increment ,  t h e  r e l a t i o n s h i p  between stress and s t r a i n  is d e t e r -  

mined from eqn. (2 ) .  

For combined geometr ic  and material n o n l i n e a r i t y ,  t he  n o n l i n e a r  r e l a t i o n -  

s h i p s  f o r  each are simply used toge ther .  

I t e r a t i v e  So lu t ion  

The governing equa t ions ,  eqn. ( 5 )  , are so lved  i t e r a t i v e l y  us ing  modil ied 

Newton-Raphson methods ( r e f .  4). The b a s i c  Newton-Raphson method f o r  t h e  

f i r s t  load s t e p  is o u t l i n e d  below. 

1. Obtain a l i n e a r  s o l u t i o n  us ing  t h e  l i n e a r  s t i f f n e s s  ma t r ix  KO: 
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2. Calculate r e s i d u a l s  ($} with  eqn. ( 5 )  

3. Check f o r  convergence. Stop i f  ($1 is  s u f f i c i e n t l y  small. 

4. Calculate t a n g e n t i a l  s t i f f n e s s  mat r ix ,  [KTI 

(The t a n g e n t i a l  s t i f f n e s s  matr ix  is def ined  by the  equa t ion  

EA61 {A$).) 

5 .  Solve f o r  c o r r e c t i o n  t o  displacements  

6. Update displacements:  6 = 6 + A 6  

7. Go t o  s t e p  2. 

I f  r m l t i p l e  load s teps  are used, only s t e p  1 changes. A f t e r  o b t a i n i n g  a 

converged s o l u t i o n  f o r  load s t e p  "i", the  l i n e a r  s o l u t i o n  ( i .e .  * t he  new 

s t e p  (1 ) )  f o r  t he  next load s t e p  is  

where {ARJicl is the  load increment. 

D i f f e ren t  vers ions  of the Newton-Raphson technique desc r ibed  above were 

used f o r  geometric non l inea r ,  ma te r i a l  non l inea r ,  and combined non l inea r  

a n a l y s i s  i n  GAMNAS. The main  d i f f e r e n c e s  are i n  the  way the  t a n g e n t i a l  s t i f f -  

ness  mat r ix ,  [KT], is approximated. 

updated every "NCYCLE" i t e r a t i o n s ,  where NCYCLE i s  an input  parameter.  For 

ma te r i a l  non l inea r  a n a l y s i s  [KT]  is approximated by the  l i n e a r  s t i f f n e s s  

i u t r i x  [KO] f o r  a l l  i t e r a t i o n s .  

a n a l y s i s  [%I  i s  updated every "NCYCLE" i t e r a t i o n s ,  but t he  l i n e a r  stress- 

s t r a i n  r e l a t i o n s  are used i n  c a l c u l a t i n g  [KT]. 

a n a l y s i s  the  s o l u t i o n  f o r  each load increment begins  wi th  o b t a i n i n g  a con- 

verged s o l u t i o n  i n  which no a d d i t i o n a l  y i e l d i n g  i s  allowed. After ob ta in ing  

t h i s  " t r a n s i t i o n "  s o l u t i o n ,  i t e ra t ions  begin i n  whict both geometr ic  and 

For geometr ic  nonl inear  a n a l y s i s  [KT] i s  

For combined geometr ic  and material non l inea r  

For combined non l inea r  
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material n o n l i n e a r  e f f e c t s  are included. T h i s  procedure reduces s p u r i o u s  

material y i e l d i n g  which can be an a r t i f a c t  of i t e r a t i v e  s o l u t i o n  procedures.  

T h i s  procedure w i l l  be discussed  f u r t h e r  I n  t h e  d i s c u s s i o n  of the f lowchart  

f o r  t h e  sub rou t ine  ITERATE. 

S t r a i n  Energy Release Rates 

GAMNAS has t h e  o p t i o n  t o  c a l c u l a t e  Mode I and Mode I f  s t r a i n  energy 

release rates. S t r a i n  energy release rates are c a l c u l a t e d  u s i n g  a v i r t u a l  

c r ack  ex tens ion  technique similar t o  t h a t  reported i n  r e f .  6. T h i s  technique 

uses  t h e  f o r c e s  t r a n s m i t t e d  a c r o s s  the  crack t i p  and t h e  r e l a t i v e  d i s p l a c e -  

ments j u s t  ahead of t h e  crack t i p  t o  determine t h e  energy release rate. For  

geometr ica l ly  n o n l i n e a r  problems the  f o r c e s  and dispiacements  are transformed 

t o  t h e  l o c a l  r o t a t e d  coord ina te  system, as shown i n  f ig .  2. Figure  2 a l s o  

shows t h e  equa t ions  used t o  c a l c u l a t e  G I  and GII. The s t r a i n - e n e r g y  

release rate c a l c u l a t i o n  is v a l i d  €or  l i n e a r  and geometr ica l ly  n o n l i n e a r  

- a n a l y s i s  only. The program assumes the  mesh around t h e  c rack  t i p  is rectangu- 

lar  and t h a t  t he  crack is i n i t i a l l y  p a r a l l e l  t o  t h e  x-axis. Near t h e  cr-nt - 

t i p  t he  mesh mst be symmetrical  about t h e  crack t i p .  

Boundary Condit ions 

The fo l lowing  boundary c o n d i t i o n s  can be p r e s c r i b e d  i n  GAMNAS: 

1. Nodal l oads  

2. S p e c i f i e d  d€splacements 

3. Equivalence of two o r  more displacements ,  e.g., 6i =I 6 
.I 

4. Equivalence of one displacement and t h e  nega t ive  of another  

displacement.  e.g. * 6i = -6. 
3 

To p r e s c r i b e  a displacement 

rep laced  by a l a r g e  number, lo3', and t h e  "load" term f o r  t he  ith e q u a t i o n  is 

set t o  lo3' 6 . To impose a multi-point c o n s t r a i n t ,  1.e.. 

61 = 60 t h e  d i agona l  term of t h e  ith e q u a t i o n  is 

0 
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I J 

bi a 6 o r  6i = -6 t h e  displacement and load v e c t o r s  and the  s t i f f n e s s  

matr ix  are transformed ( r e f .  IO). The t ransformat ion  is bes t  expla ined  by 

example. Consider the linear system [K] (6) = {R). Assume t h e r e  are four 

noda l  displacements.  To impose the  cond i t ton  6, = 6, a new displacement 

j 3 ’  

vec to r  {& is def ined  such t h a t  {& is def ined  such t h a t  

0 1 0  

1 0 0  

0 1 0  

0 0 1  

1 0 1 0  

0 1 0 0  

0 1 0  

0 0 1  

The new s t i f f n e s s  m a t r i x  [E] and load vec tor  {E} are 

{g) = [TIT (K} ( 9 )  

The new governing equat ions  a r e  [El = {E}. Note t h a t  j1 = - 
Hence, t o  impose the  condi t ion  61 = 63, we need simply impose the  cond i t ion  
- 
d1 = 0. 

When nul t€-poin t  c o n s t r a i n t s  a r e  s p e c i f i e d ,  the  bandwidth gene ra l ly  

inc reases .  The inc rease  i n  bandwidth depends on the node numbering scheme. 

Hence, t he  multi.-point c o w t r a i n t s  should be considered when s e l e c t i n g  the  

node numbering scheme. 

Elements 

GAMNAS uses the  foiir-node i soparamet r ic  q u a d r i l a t e r a l .  This element is 

wel l  known t o  perform poorly i n  modeling bending type &Formation when e x a c t  
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i n t e g r a t l o n  is used. But t he  performance can he dramat i ca l ly  improved by 

us ing  s e l e c t i v e  reduced i n t e g r a t i o n .  References 7 and 8 d e s c r i b e  the  proce- 

dure  f o r  l i n e a r  problems. Reference 9 d e s c r i b e s  t h e  procedure €or  geometri-  

c a l l y  nonl inear  problems. 

reduced i n t e g r a t i o n  i n  the  program. 

The use r  can spec i fy  e i t h e r  f u l l  or s e l e c t i v e  

Program S p e c i f i c a t i o n s  

GAMNAS is w r i t t e n  i n  Pr ime ' s  extended vers ion  of FORTRAN 77. Core 

requirements  are 604,000 16 b i t  words and compilat ion time is approximately 2 

minutes on the  Prime 750. Execution times w i l l  vary g r e a t l y  depending on t h e  

p a r t i c u l a r  f in i te -e lement  model. The c u r r e n t  maximum a l lowable  va lues  of t h e  

major parameters  are given i n  the  d e s c r i p t i o n  of the  input  da ta .  An in-core 

equa t ion  s o l v e r  is used. Hence, t h e  maximum problem size is 1imlt.d by t h e  

memory of the  computer being used. 

Most of the core  requirements are f o r  ho ld ing  the  g l o b a l  s t i f f n e s s  

mat r ix ,  "SN." The matr ix  SN is dimensioned (1300. 70). whtch permi ts  1300 

degrees  of freedom (650 nodes) and a bandwidth of 70. GAMNAS car. be qu ick ly  

modified us ing  a t e x t  e d i t o r  t o  change the  maximum bandwidth and number of 

nodes. The requi red  changes and the o rde r  t he  changes should be made are 

1 i Y t e d he low: 

1) Change the s t r i n g  "(1300.70" t o  "(XXX,YYY" everywhere,  where XXX and 

YW are the new number of rows and columns, r e spec t ive ly .  

2 )  Change the s t r i n g  "(1300" t o  "(XXX" everywhere, where XXX is t he  new 

number of rows. 

3) In subrou t ine  INITCAL change the fol lowing two l i n e s :  

MRANK = 1300 4 change 1300 t o  XXX 

MIRW = 70 4 change t o  70 t o  YYY 

? 



where XXX and YYY are the  new number OP rows and columns i n  SN, 

r e s p e c t i v e l y  . 
Program Organiza t ion  

I n  t h i s  s e c t i o n  the  flow of GAMNAS i s  descr ibed .  Flowcharts  are g iven  

for the  more complicated rou t ines :  the  main program, ITERATE, and STRSCAL. 

Very br i e f  d e s c r i p t i o n  of the  subrout ines  and the  major program v a r i a b l e s  are 

given i n  Appendix A. 

An annota ted  f lowchart  f o r  the main program is shown in Figure  3. Only 

one p ropor t iona l  load vec tor  is  input .  The d i f f e r e n t  load numbers (LOADNIIM) 

r e f e r  t o  the  s c a l e  f a c t o r  by which the  load vec to r  is mult ip l ied .  For each 

new load ,  a l i n e a r  incremental  s o l u t i o n  i s  obta ined  i n  the  main program be fo re  

c a l l i n g  ITERATE t o  ob ta in  the  nonl inear  incrementa l  s o l u t i o n s .  t he  linear 

s o l u t i o n  €or the  fir . ; t  load s t e p  and a l l  n m l i n e a r  s o l u t i o n s  a r e  output .  

F igure  4 shows a f lowchart  €or  the sub rou t ine  ITERATE. The  sub rou t ine  

u t i l i z e s  the modified Xewton-Raphson technique descr ibed  e a r l i e r  t o  so lve  

eqn. ( 5 ) .  S a t e  t h a t  f o r  combined s e o n e t r i c  and rrratertal n o n l i n e a r i t y  ( i . e . ,  

ANALYS = CNONLIN!, the rou t ine  GITER is  c a l l e d  t o  o b t a i i  a t r a n s i t i o n  non- 

l i n e a r  s o l u t i o n  f o r  t h e  load increment,  assriming no a d d i t i o n a l  y i e l d i n g  

occurs .  Then ITERATE praceeds to  determine the  converged s o l u t i o n  which 

inc ludes  both geometr ts  and ma te r i a l  n o n l i n e a r i t y .  The tan :<ent ia l  s t i f f n e s s  

matr ix  is  updated by c a l l i n g  STIFF.  %or j u s t  ma te r i a l  n o n l i n e a r i t y  ( i . e . ,  

AN.4LYS = P S O N L I N ) ,  S T I F F  i s  not ca l l ed .  For geometric o r  combined nonl inear  

a n a l y s i s ,  STIFF i s  c a l l e d  every "%CYCLE" i t e r a t i o n s .  

FCzire 5 shows a €lowchart  €or  the subrol l t ine STRSCAL. STRSCAL calcu-  

l a t e s  the incremental  s t r e s s  vector  (Au] corresponding t o  the  c a l c u l a t e d  

incremental strains { A L E ) .  For 1 i ; i ea r  material response,  {Aa) i s  simply the  

product of the congt t t r i t ive  mat r ix  [Dl and {A€). For non l inea r  m a t e r i a l  

10 



behavior the rrli\tionshtp betwccrl {A€} and {Aa} depends on the current Rtress 

s ta te  (u 1 reltitive to the yteld surF.icc? and on the magnttude of the s t ra tn  

increment. The rclatlve posittons of the s t ress  s ta te  and the yield surface 

1s determined from eqn. ( 3 ) .  For convt~iiience tn the flowchart, the f i r s t  term 

111 cqn. ( 3 )  is de€liied to be the tsffecttvt-. s t ress  u 

s t ress  st;rte (6). the followfn): rt*latlonships apply: 

0 

For an arbitrary ef 

Uef({u}) < uys + s t ress  stiite I s  iiiside yield surface 

u ({bi) = o + st rvss  s ta te  t s  on yield surface 
ef VS 

u ( { a ) )  > u + strc’ss s t a t e  t s  outside yield siirfacc. 
e l  YS 

The f i r s t  step t s  to  <:itlculiate the f ina l  s t ress  st.rte (a  } assuming no 1 

additional yielding (block I ) .  Block numbers ;ire tndtcated a t  the upper le f t -  

hand coriier of the blocks.  I f  uef({ul}) < u theri ( a  } is the correct 

s t r e s r  s ta te  (block 3 A ) .  I f  not, then {a } relattve to the yield surface t s  

examined (block 38) .  If uvs = u ( (uo} ) .  block 4 R  is followed. If cf 

u u ({u I ) ,  the i n i t i a l  s t ress  s ta te  is iiiside the yield snrEace. Hence, 

the s t ra in  tncrwuent m s t  be divided iiito two parts: that required ‘10 reac!l 

the yield surface, A E ,  and the rematiider, Ai?, which i s  the s t ra in  tncreineiit 

a f t e r  reaching the y i e l d  surface. These s t r a t n  increments are calculated by 

solvtng the equatlons in block 4A. Next the incremental elasto-plastic matrtx 

[D*] is calculated. The Final s t ress  s ta te  is obtained by adding the linear 

and nonlinear s t ress  Increments, [Dl {A;} and [D*] {A?], respectively 

(block 6 ) .  Note that i f  {ao} had been on the yield surface, {A;} f 0 

{ A h }  = be. Next the yield s t ress  0 is updated f o r  strain-hardening 

materials. 

Y S  1 

0 

YS cF 0 

and 

YS 

Finally, {ul} is  scaled back t o  the new yield surface (block 8). 
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Input  Data 

The requi red  inpu t  d a t a  is deecr ibed  i n  t h i s  s ec t ion .  Where a p p l i c a b l e ,  

t h e  maximum a l lowable  va lues  of t h e  inpu t  parameters  are noted. 

Card set Parameters  -- 
1. TlTLE(I), I - 1.60 

TITLE = TITLE OF PROBLEM 

NO. of 
c a r d s  

3 

2. OUTPUT, ANALYS, PLANE, OUADRAT, ENERGY 1 

Format 

20A4 

SA8 

OUTPUT = Output 3pt ion 

= XLONG f o r  long obtput  

= SHORT f o r  output  (the nodal  coord ina tes ,  element 
connec t iv i ty ,  and boundary cond i t ions  are not  i n  t h e  
output  1 

ANALYS = Type of a n a l y s i s  

= XLINEAR for  linear a n a l y s i s  

= GNONLIN for geometr ica l ly  non l inea r  a n a l y s i s  

= PNONLIN for m a t e r i a l l y  non l inea r  a n a l y s i s  

= CNONLLN € o r  combined geometr ic  and inaterial non l inea r  
a n a l y s i s  

PLANE = Option for plane s t r e s s l p l a n e  s t r a i n  a n a l y s i s  

= PSTRESS f o r  p lane  stress 

= PSTRAIN for plane s t r a i n  

QUADRAT = I n t e g r a t i o n  op t ion  

= REDUC f o r  reduced i n t e g r a t i o n  

= XFULL f o r  f u l l  i n t e g r a t i o n  

ENERGY = Option f o r  s t ra in-energy  release rate c a l c u l a t i o n s  

= DOG f o r  G c a l c u l a t i o n  

= DOWOJG f o r  no G c a l c u l a t i o n  

12 



Card set - Parameters 

3. ITSTEP, NCYCLE, IHAX 

No. of 
cards  

1 

Format 

315 

ITSTEP = Number of s teps  i n  the incremental loading 
minimum = 1, maximum = 30 

NCYCLE = Numbex of iterations betveen updates of s t i f f n e s s  matrix 

IMAX = Maximum number of i t e r a t i o n s  allowed before t e r m b a t i n g  

4. ACCURACY 1 F10.3 

ACCURALI = Maximum res idua l  allowed i n  converged so lu t ion  

5. NN, NE, NRN 

NN = Number of nodes i n  the FE model. max. = 650 

NE = Number of elements i n  che FE model 

NRN = Number of podes with a res t ra ined  degree of freedom 

6 .  Nodal Coordina:es: - 
x-coordinate -- 

XX, N(1) = 1.13 * 

XX = coordlnate 

N( = list OE nodes with coordlnate XX 

*Input u n t i l  a l l  x-coordinates are 
specif led.  En3 x-coordinate data 
w€th a blank card. 

y - c o o r d i t a x  

XX. N ( I ) .  I = 1.13 * 
*Similar t o  input of x-cocrdinates 

E10.4. 1315 

E10.4, 1315 

I,IN,JN,KN,LN = Element number, four node numbers +‘or element I. 
Nodes must be spec i f ied  in a counterclockwise 
d i r e c t  ion. 

13 



8. K, MRL (2*K-I), NRL (2*K) 

12 10 1 1  

@ @ @  

K = Node numbrr 

4 Crack 

NRL (2*K- I ) ,  NRL (2°K) = C o n s t r a i n t s  i n  X and Y d i r e c t i o n s ,  
r e spec t ive ly .  at  node K. 
0 i n d i c a t e s  no c o n s t r a f n t  
: i n d t c a t e s  c o n s t r a i n t  

Note: Do not  inc lude  degrees  of freedom involved i n  P r l t i p o f n t  
c o n s t r a i n t s .  Do i nc lude  degrees  of freedom wi th  s p e c i f i e d  
displacements .  

SKIP 9-12 IF ENERGY DONCJC 

9. INP I IS 

tNP = Number of node sets used In  v f r t u a l  c rack  e x t e n s i o n  
c a l c u l a t i m  (maximim = 15) 

IO. NEGCAL(1). I = 1. (LNP+l) (IMP+l)/ 16’ 1612 

NECXAL = E l e ~ n t  numbrs for clemeits c o n t r i b u t i n g  t o  the nodal 
f o r c e s  requited for  v i r t u a l  c rack  ex tens ion .  (See 
example i n  ska tch  below. Element numbers are c i r c l e d . )  

1 9 

LCrack T i p  

IF INP = 3.  
NEGCAL ( 1  t o  4 )  = 2, 3,  4, 5 
NFGCAL (1  to  3) = 14, 13, 12 
NDGCAL (1 t o  6 )  = 15. 19, 16. 20. 17, 21 

tRound off t o  next higher  In t ege r .  

14 



card Bet Paraoeters 

11. NPGcAL(1). I = 1, INP 

No. of 
cards Forra t  

INP/ 16t 16 I5 

NFGCAL(1) = Node numbers f o r  nodes along which virtual 
crack extension forces  are calculated.  
L i s t  according t o  dis tance from crack t i p .  
with the  crack t i p  node as the f i r s t  one. 
(See sketch above.) 

12. NDCcAt(1). I = 1, (2"INP) 2*INP/ 16' 161) 

#w;cAL(I) - Node numbers f o r  the nodes used to  ca l cu la t e  
cradtiq opening and s l i d i n g  displacePents 

Repeat card sets 13-15 f o r  each material  group. 

H a x f r u m  nuaber of material groups = 10 

End last group with blank card. 

13. J, WTER(J1 1 15, Aa 

J = Material group number 

XMATER = Material type 

= W I C  for linear stress-strain curve 

= ELPLAST f o r  e l a s t i c -pe r fec t ly  p l a s t i c  s t r e s s - s t r a in  
curve 

= BLINEAR f o r  b t l i nea r  s t r e s s - s t r a in  curve 

= RAMOSGO f o r  Ramberg-Osgd s t ress -s t ra in  curve 

14. EX, EX, PYX, GXY 1 4E10.3 

Ex, Ey. v Gq: 
YX' 

E, Young's modulus in x-direction 

E,, Young's modulus i n  y-direction 

V 
YX 

E. 

E 
= - 2 = Poisson's r a t i o  

Y 
= Contraction i n  x-direction due t o  uni t  

applied s t r a i n  i n  y-di rect ion 

Shear modulur Gw 
tRound off t o  next highest integer. 
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ORIGINAL PAGE Is 
OF POOR QuALm No. of 

Card set Para l e t e r s  

15. nems, ET, RO, m 

cards Formu t 

1 5B10.3 

YIELDS = Yield stress 

ET = Tangent modulus f o r  yfelded b i l i n e a r  mater ia l  

RO, AtW = ParaPeters def ining Raabergdsgood stress-strah 

(a) If XMTER = ELASTIC, input YIELDS = ET = BO = 1.0 x 1021, 
ANM = 10 

(b) If XEUTeR = &I-, ioput  proper YIELDS and ET and 
set BO = AI!W = 0.0 

(c) If XMTER = R4MOSG0, input  proper YIELDS, If0 sad ANtY and 
set  ET = 0.0 

16. NELl , NEL2, m I N C  * 315 

NELI, NEL2, NELINC = Loop paraaeters used t o  def ine 
elemeots i n  material group 

NELl = F i r s t  element 

NEL2 - Last elenent 

N n I N C  = Loop increment 

e.g., 1 ,  50, 20 defines  e le ren ts  1, 
21, and 31 t o  be i n  material. group 

*Repeat u n t i l  a l l  elements i n  group are defined. 
End card set 16 by specifying NELl = NEL2 5 NELINC = 0 

17. DEUOAD(1) = 1, ITSTEO ITSTEP/8+ 

DELLOAD(1) = Scale f ac to r  fo r  proportional load 
vector f o r  load s t e p  I. Always 
specify DELLOAD(1) = 1.0 

8P10.3 

?Round off t o  next higher integei-. 
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Card set P a r a a e t e r s  

18. NLN, N O ,  NED 

NO. of 
cards 

1 

NLN = N u m b e r  of nodes wi th  a p p l i e d  loads  

NCD = Number of m l t i p o i n t  c o n s t r a i n t s ,  max = 15 

NED = Number of s p e c i f i e d  displacearents,  max - 30 
19. IC, FX, FY NLN 

Format 

315 

IS, 2F10.3 

K = Node number 

FX,FY = Loads in x and y d i r e c t i o n s ,  r e s p e c t i v e l y  

20. K, KDF, U2D NED 215, F10.3 

K = Node number 

KDF = Msplacement  d i r e c t i o n ,  s p e c i f y  1 f o r  x d i r e c t i o n  

s p e c i f y  2 for y d i r e c t i o n  

URD = Magnitude of displacement  

SKIP 21-24 I F  NCD = 0 

21. NMPR(I), I = 1, N O  N O /  16 

NMPR(1) = Number of degrees  of freedom involved i n  t h e  
I t h  m l t i p o i n t  c o n s t r a i n t .  m x  = 20 

22. ((ICDN(I,J),J=l,M.rPR(Z)), I = 1, NCD) NCD sets 

I C D N ( 1 . J )  = J t h  degree of freedom involved in t h e  
I t h  mul t ipo in t  c o n s t r a i n t  

S t a r t  a new card  f o r  each m l t i p o i n t  c o n s t r a i n t .  
S t a r t  wi tk  lowest number degree of freedom. 

23. NZKV 1 

1615 

16 IS 

15 

NZKV = Number of mul t ipo ln t  c o n s t r a i n t s  f o r  
which t h e r e  is an app l i ed  load  

24. NKV, ATOT NZKV 15, P10.3 

NKV, ATOT: ATGT is t h e  non-zero load a s s o c i a t e d  wi th  
t h e  NKV set of cons t r a ined  nodes 
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ORZINAL FAX is 
OF POOR QUALITY 

Stress 

Figure 1.- Types of un iax ia l  stress-strain curves. 
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IN Ill ALl  ZE MATRICES 

ANALYS = PNONLIN 

I INIT IAL I 

STIFF 2s LOADNUM > 1 AND 

PROGOPT a 
- 

S DATA Q 

- 

I ELPROP-] - NCD# 03 I MULPCON 

1 

I LINSOLN LOADNUM = 11 

t '7' 
I ITERATE 1 I 

t 

t 
INCLOAD 

NO LOADNUM = ITSTEP ? 

STO P 

READ PROGRAM OPTIONS 

READ GEOMElRIC DATA, 
BOUNDARY CONDITIONS 

READ MATERIAL 
PROP ERT I E S 

READ LOAD DATA 

ASSEMBLE GLOBAL 
STIFFNESS MATRIX 

DECOMPOSE GLOBAL 
STIFFNESS MATRIX 

SOLVE EGU AT I CN S 

ARE THERE MULTI-POINT 
CONSTRAINTS? 

RECOVER ORIGINAL 
D I  SPLACEMENT VECTOR 
IF  MULT I-POI NT 
CONSTRAINTS WERE 
IMPOSED 

OUTPUT LINEAR SOLUTION 

ITERATE FOR NONLINEAR 
SOLUTION 

INCREMENT PROPORTIONAL 
LOAD VECTOR 

Figure 3.- F low chart for  main program, 
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ITER = 
ITER + : 

NO I 
J GITER 

A 

I 

YES 
ANALYS = CP!ONLIN? - -  -- - - 

RES I D 

CONVERG 

-2 ITER= l? OR 
ICOUNT = NCYCLE? ANALYS = PNONLIN? 

I YES 1 ,  I Y E T  NO 
ST I FF 

II 
YES 

Figure 4.- Flow chart for subroutine Iterate. 
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CURRENT STRESS VECTOR oo 
AND STRAIN INCREMENT 

OR\G\NRL Pks: 
OF POOR 

ASSUME NO YElLDlNG 

SURFACE 

\ef 1. 

I I 

t 
DI D MATER I AL YE I LD? 

\No, NEW STRESS VECTOR RETURNd 
oef (I'd)> ays 3A 

YES, 
RECALCULATE o1 

' 

2 

= { O l }  
I S  uo INSIDE YEILD SURFACE? 36 

'ys > Oef (Pot) 
I NO, 

YES 1 
m 

4B 
ys 'ef ({%}) ' {AC} = 0 

- u -  

(At} =(AE} 

t 
5B' CALCULATE INCREMENTAL 

ELASTO-PLASTIC MATRIX 1 rofbJJ)l 

Figure 5.- Flow chart for subroutine STRSCAL. 
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APPENDIX A 

This  appendix g i v e s  the names and f u n c t i o n  of t h e  sub rou t ines  and t h e  

major program va r i ab le s .  

Subrout ines  

NAME 

1. BLKSIGM 

2. BLMAT 

3. BMMN 

4. CFILL 

5 .  CONVERG 

6. DATA 

7. DBAND 

8. DEPMAT 

9. ELPROP 

10. FORCEP 

11. GCAL 

12. GITER 

13. IDVEC 

14. INCLOAD 

15. INITIAL 

16. ITERATE 

17. KLARGE 

18. KSIGNEW 

19. LDATA 

20. LINSOLN 

21. MATMUL 

- FUNCTION 

C a l c u l a t e s  submatr ices  f o r  element i n i t i a l  stress matr ix  

C a l c u l a t e s  non l inea r  component of s t ra in-d isp lacement  matrix 

C a l c u l a t e s  l i n e a r  component of s t ra in-d isp lacement  mat r ix  

F i l l s  mat r ix  of element nodal  c o o r d i n a t e s  

Checks f o r  convergence 

Reads nodal  coord ina te  d a t a  

Performs Cholesky decomposition on g l o b a l  s t i f f n e s s  matrix 

C a l c u l a t e s  e l a s t i c - p l a s t i c  mat r ix ,  [Dep] 

Reads m a t e r i a l  p r o p e r t i e s  

C a l c u l a t e s  i n t e r n a l l y  genera ted  nodal  f o r c e s  f o r  an element 

C a l c u l a t e s  s t ra in-energy  r e l e a s e  rates 

Solves  non l inea r  equa t ions  

F i l l s  vec to r  of element degrees  of freedom 

Sca le s  load vec to r  

I n i t i a l i z e s  v a r i a b l e s  

Solves  non l inea r  equa t ions  

C a l c u l a t e s  element l a r g e  d e f l e c t i o n  s t i f f n e s s  matrix 

C a l c u l a t e s  element i n i t i a l  stress mat r tx  

Reads load d a t a  

Output8 l i n e a r  s o l u t i o n  

Performs matrix m u l t i p l i c a t i o n  

* 
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2 2 .  MULPCON 

2 3 .  PROGOPT 

24.  RCADD 

25 .  RESID 

26. RESUL 

2 7 .  SBAND 

28. SDATA 

2 9 .  STAXQ4 

30 .  STIFF 

31. STRSCAL 

32.  TRANS 

Modifies s t i f f n e s s  matrix and displacement  vec tor  f o r  m l t l - p o i n t  
c o n s t r a i n t s  

Reads program op t ions  

Adds rows and columns of the  s t i f f n e m  matrix 

Ca lcu la t e s  r e s i d u a l  fo rce  vec to r  

Ca lcu la t e s  s t r a i n s  and stresses 

Solves  set of l i n e a r  equat ione.  

Reads s t r u c t u r a l  da t a  

Ca lcu la t e s  l i n e a r  element s t i f f n e s s  lnatrix 

Assembles g loba l  s t i f f n e s s  ma t r ix  

Ca lcu la t e s  incremental  stresses from incrementa l  s t r a i n  

Generates  t ranspose  of a mat r ix  

(Used wi th  DBAND) 

Program Var iab les  (Arrays are shown wi th  t h e i r  dimensions. 

Var iab le  

AN (1300) 

ANALYS 

ANM 

-- 

ANTOTAL ( 1300) 

AR (1300) 

ATOT 

DELLOAD (30) 

DISP (1300) 

DN (1300) 

DPS (30) 

ENERGY 

D e f i n i t i o n  --- 

Incremental  load vec to r  

Type of a n a l y s i s  

Exponent in Ebmberg-Osgood equat ion  f o r  u n i a x i a l  stress- 
s t r a i n  curve 

U e f -  

E 

To ta l  

Nodal 

ANM 

+ (&) 
load vec to r  

r e s t r a i n t  f o r c e  vec to r  

Load a s soc ia t ed  w i t h  mul t ipo in t  c o n s t r a i n t  

Sca le  f a c t o r  f o r  incremental  loads  

Incremental  displacement vec to r  

Tot a 1 d i s p  lace men t vec tor  

Vector of syjecif i e d  non-zero displacements  

Option f o r  s t ra in-energy  release rate c a l c u l a t i o n  
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FF (1300.4) 

FI (1300.4) 

FXX (10) 

FYY (IO) 

I BW 

ICDN (20.15) 

IN (1300) 

J N  (1300) 

KN (1300) 

LN (1300) 

I NP 

I 
IPE (1300) 

ITSTEP 

LOADNUM 

MATER (1300) 

M I B W  

MRANK 

N CD 

NDPS (30) 

NE; 

NED 

NLN 

MMPR 

N N  

E f f e c t i v e  stresses a t  t h e  end of an increment 

E f f e c t i v e  stresses a t  t h e  beginning sf an increment 

X-direct ion f o r c e s  w e d  i n  strain-energy-release rate 
ca l c u l a  t i o n  

Y-direction f o r c e s  used i n  strain-energy-release rate 
ca 1 cu l a  t ion 

Bandwidth of g l o b a l  s t i f f n e s s  matrix 

Degrees of freedom involved I n  mult i -point  c o n s t r a i n t s  

Element connec t iv i ty  a r r a y s .  Connect iv i ty  €or element 
number I is IN(I ) ,  JN(I), KN(1). LN(I) 

Number of node sets used I n  v i r t u a l  crack c l o s u r e  c a l c u l a t i o n  
of s t ra in-energy  release rates 

L i s t  of y i e l d e d  elements  (only used f o r  o u t p u t )  

Numbe: of incrementa l  load s t e p 6  

Incremental  load s t e p  number 

Element material group numbers 

Number a f  columns in g l o b a l  s t i f f n e s s  matrix,  SY. 
Cur ren t ly  MIBW = 70 

Number of rows i n  g l o b a l  s t i f € n e s s  mtrlx, SN. Cur ren t ly  
MRANK = 1300 

Numbe r of nu It i p o i  n t c o n s t r a i n t  s 

Vector of degrees  o!' freedom w i t h  s p e c i f i e d  non-zero v a l u e s  

Number of e lements  i r .  f i n i t e  element model 

Number of s p e c i f i e d  displacements  

Number of nodes wi th  app l i ed  f o r c e s  

Number of degrees  of freedom involved i n  a set  of rnu l t ipo ln t  
c o n s t r a i n t s  

Number of nodes i n  f i n i t e  element model 
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NND Number of degrees  of freedom i n  f i n i t e  element model be fo re  
apply ing  boundary cond i t ions  

NRL (1300) Degree of freedom r e s t r a i n t  list 

NRN Number of nodes wi th  a r e s t r a i n e d  degree  of freedom 

OUTPUT Output op t ion  

PLANE Plane s t r e s s / p l a n e  s t r a i n  o p t i o n  

PSI (1300) Residual  force vec to r  

QUADRAT I n t e g r a t i o n  op t ion  

RO Parameter i n  bmberg4IsRood equat ion.  
"ANN " 

See d e f i n i t i o n  €or 

SGYBAR (1300.4) Current  y i e l d  stress 

SB (1300.70) Global  s t i f f n e s s  mat r ix  

STRESS (1  300, i 2) S t r e s s e s  

T3 (10.3.3) E l a s t i c i t y  matrices f o r  t h e  material groups 

L! (10) Tangent ia l  displacements  vec to r  for  s t ra in-energy-re lease  
rate c a l c u l a t i o n  

UY (10) Opening displacements  vec to r  fo r  s t r a in -ene rgy- re l ease  rate 
c a l c u l a t i o n  

X (1300) rr'odal x-cootdr'nates 

Y (1300) Nodal y-coordinates  
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APPENDIX B 

This appendix g i v e s  input  data and r e s u l t s  f o r  t h r e e  samples problems. 

The f i r s t  problem ( f ig .  B-la) invo lves  t r a n s v e r s e  displacement of a long  

t h i n  rod. The f i n i t e  element mesh is shown wi th  node and element numbers and 

boundary condi t ions.  The l e f t  end is pinned; t h e  r i g h t  end can move only in 

the -yU d i r e c t i o n .  The t r a n s v e r s e  displacement ,  v, at node 9 w a s  s p e c i f i e d  

because t h e  i n i t i a l  t r a n s v e r s e  s t i f f n e s s  is zero, which would have caused a 

s i n g u l a r  s t i f f n e s s  n a t r i x  i f  a t r a n s v e r s e  load had been s p e c i f i e d .  Although 

the rod i n i t i a l l y  has zero t r a n s v e r s e  s t i f f n e s s ,  geomet r i ca l ly  n o n l i n e a r  

e f f e c t s  s t i f f e n  the system as the t r a n s v e r s e  displaceslent Inc reases .  

F igu re  B-lb shows t h e  c a l c u l a t e d  axial stress i n  t h e  rod (element 2) as a 

f u n c t i o n  of lateral displacelaent. The f i n i t e  element r e s u l t s  are shown as 

symbals. The two curves are exact s o l u t i o n s ,  de r ived  us ing  s imple trigonom- 

e t r y ,  f o r  a rod under a x i a l  load. One curve is f o r  a l i n e a r  elastic material 

and t h e  o t h e r  is f o r  a e l a s t o - p e r f e c t l y  p l a s t i c  imterial w i t h  a y i e l d  stress 

of 50 KSI. The f i n i t e  element a n a l y s i s  p r e d i c t s  the n o n l i n e a r  response very 

w e l l .  The d i f f e r e n c e s  between t h e  exact r e s u l t s  and t h e  f i n i t e  element 

r e s u l t s  are due t o  the very coarse mesh and the end r e s t r a i n t s  no t  being a l o n g  

t h e  rod's l o n g i t u d i n a l  ax is .  Table  B-1 lists the  numerical  va lues  a t  t h e  

element c e n t r o i d s  c a l c u l a t e d  by GANNAS. 

Figure  B-2 shows t h e  input  data €or t h e  l i n e a r  e las t ic  rod. Required 

changes t o  t h i s  d a t a  f o r  t h e  e l a s t o - p e r f e c t l y  p l a s t i c  rod are shown I n  

pa ren thes i s .  

The second problem invo lves  t r a n s v e r s e  load ing  of a double c a n t i l e v e r  

b e a m .  F igu re  B-3 shows t h e  f i n i t e  element model, which has  50 nodes and 32 

elements.  Two v e r s i o n s  of t h e  f i n i t e  e l enen t  a n a l y s i s  were used: one v e r s i o n  

used f u l l  i n t e g r a t i o n  and one used reduced i n t e g r a t t o n .  The inpu t  d a t a  f o r  



a n a l y s i s  w i th  reduced integration are shown f r  

for f u l l  i n t e g r a t i o n  is shown i n  pa ren thes i s .  

8. B-4. The change r equ i r ed  

The s t r a i n  energy release rate (us ing  s t r e n g t h  of materials) is given by 

2 n C = -  E1 

A transverse load of 20 lb. was  used, r e s u l t i n g  in a moment of 40 in. / lb.  

From eqn. (BI), G is c a l c u l a t e d  to  be 1.92 l b / i n .  The f u l l  and reduced 

integration y ie lded  1.45 lb / in .  and 1.97 l b / i n . ,  r e s p e c t i v e l y .  Even w i t h  a 

coarse mesh, the reduced i n t e b r a t i o n  ve r s ion  y i e l d e d  a n  accurate r e s u l t .  The 

f u l l  i n t e g r a t i o n  ve r s ion  illustrates t h e  well-known poor performance of 

i sopa rame t r i c  q u a d r i l a t e r a l s  i n  modeling bending deformation. 

The f i n a l  problem (see f ig .  B-Sa) invo lves  p o l a r  symmetric load ing  of  a 

r e c t a n g u l a r  regiofi. By imposing a p p r o p r i a t e  boundary c o n d i t i o n s  a long  x = 0 ,  

only h a l f  of t h e  region needed to be modeled. 

a r e  imposed using m u l t i - p o i n t  c o n s t r a i n t s  t o  s p e c i f y  u(0.y) = -u(o,-y) and 

The p o l a r  symmetric c o n d i t i o n s  

v(0,y) = -V(o,-y). 

Figure B-5 shows t h e  f i n i t e  element model before  and a f t e r  loading. 

Table 8-2 g i v e s  the numerical  va lues  of the nodal displacements .  The 

r equ i r ed  input  data are s h a m  i n  Fig. B-6. 
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TABLE B-1 AXIAL STRESS IN LONG THIN ROD 

4 

8.868 
43.48 

104.8 
191.7 
303.7 

8.868 

LATERAL 
DEFLECTION 

INCHES 
MATERIAL 

TYPE 

LINEAR 

NONLINEAR 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 I 

8.868 
43.48 

104.8 
191.7 
303.7 

8.868 
40.03 
48.61 
49.53 
49.54 

8.874 
43.52 

104.9 
191.9 
303.9 

8.874 
40.09 
48.68 
49.60 
49.91 

AXIAL STRESS. KSI 
ELEMENT 

1 2 3 - 
8.874 

43.52 
104.9 
191.9 
303.9 

8.874 
40.09 
48.68 
i9.6 0 
49.91 
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TABLE 8-2 NODAL DISPIACEMENTS (INCHES) FOR RECTANGULAR 
REGION WITH FOLAR SYMMETRIC LOADS 

NODE 

1 
2 
3 
4 

5 

6 
7 
8 

9 
10 
1 1  

12 

13 

104 

-1 -095 

-.6 526 

.2 10-23 

.6 526 

1.095 
-.go96 
-.4577 
.i880 

-9405 
1.462 
-.7632 

-.3817 

.26 32 

4 v x 10 

.08053 

.02078 

.2 10-23 

-.02078 
-. 08053 
-.2388 
-.2521 
-.2250 

-.2243 
-. 3232 
-.6 573 
-.6648 

-. 5427 

NODE 

14 

15 

16 
17 
18 
19 

20 
21 

22 
23 
24 

25 

4 u x 10 

1.291 

2.146 
-.4933 
-.4438 

.2080 
1.574 

3.415 
-. 1146 
-.3693 

.3345 
1 . 532 
5.121 

104 

-.4773 

-.6216 

-1.063 
-1.028 
-1.140 
-1.100 

-1.268 
-.5 10-23 

-1.195 
-2.047 

-2.900 

-3.731 
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1 t '  
. 2" 1 0 0 0 GI 

a )  FIHITE ELEMENT fYJDEL FOR A LONG THIN ROD 

400 

300 

Axial  
stress, 200 

k s  i 

100 

0 

+ E l a s t i c  
A E l a s t o - p l a s t i c  

Exact s o l u t i o n  

1 2 3 4 5 
Lateral  d e f l e c t i o n ,  i n .  

b )  A X I A L  STRES5 V S .  S P E C I F I E D  TRANSVERSE DISPLACEMENT 

Figure B-1.- Transverse displacement of a long th in  rod. 
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ORIGINAL PAGE 
OF POOR QUALIW 

LONG SLENDER tiEnm-coLum COSMIC - I ........................................................ ........................................................ 
SHOAT ONONLIN PSTAESS REDUC 

5 7 20 

10 4 2 
0 010 

0 0  1 2  
5 5  3 4  
10 5 6  
15 7 8  
20 9 10 
0000000000000000000000000000 
0 "  1 3 5 7  
2 2 4 6 8  
6300030000000000050000000000 

1 1 3 4 2  

DONOJG (CHANGE CNONLIN TO CNONLIN) 

9 
10 

2 3 5 t . 4  
3 9 7 8 6  
4 7 9 1 0  8 
1 1 1  
9 1 1  
IELASTIC (CHANGE ELASTIC TO ELPLAST) 0 I@OE*08 0 IO@E*O8 0 300E*00 0 385E-07 

0 40@E*05 0 000E*00 0 000€*00 0 000€+00 
1 4 1  
0 0 0  

1 000 2 GOO 3 000 4 000 5 000 
0 0 1  
9 2 I 000 

Figure B-2.- Input f i l e  for l inear  e l a s t i c  rod. Changrs required for e l a s t o - p l a s t i c  
rod are shown i n  parentheses. 
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Crack t i p  d e t a i l  

.1" 4 

t3 
.1" 2 

Figure B-3.- Finite-element model for double-cantilever beam. Crack extends from 
X = 0.0 to 2.0 along the line Y = 0.0. 
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DOUBLE CANTlLEVEREO BEAH COSMIC-3 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ******~****************4* 

SHORT XLINEAR PSTRESS REDUC wc (CHANGE REDUC TO XFULL) 
1 1  

1 000 
50 32 - 4ooOE*oO 

- 2oooE+oo - lOOoE*oo 
0 ooooE*oo 
0 10oOE*oo 
0 20oOE+oo 
0 40oOE+oO 
0 8oooE+oo 
0 2000€*01 

- 10oOE*oo - MOOE-01 
0 ooooE*oo 
0 oO00€*00 
0 50oOE-01 
0 1oooE*oo 

I 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
I S  
26 
27 
28 
29  
30 
31 
32 
45 
so 

I 
19 
18 
23 

I 
6 

1: 
16 
21 
27 
33 
39 
2 
7 

12 
17 
22 
28 
34 
40  

3 
8 

13 

24 
30 
36 
42 

4 
9 

14 
19 
25 
31 
37 
43 

1 
1 

20 

24 

l e  

1 

2 
I 
6 

11 
16 
21 
27  
33 
39 
45 

I 
2 
3 

24 
4 
5 

6 
I 1  
16 
2 1  
27 
33 
39 
45 

7 
12 
17 
22 
28 
34 
40  
46 
8 

13 
18 
24 
30 
36 
42 
48 
9 

14 
19 
75 
31 
37 
43 
49 

1 
0 

2 
7 

I 2  
17 
22 
28 
34 
4 0  
46 

6 
7 
8 
30 
9 

10 

7 
1;: 
17 
22 
2e 
34 
40  
46 

13 

23 
29 
35 
41 
47 
9 

14 
19 
25 
31 
37 
43 
49 
10 
15 
20 
26 
32 
38 
44 
so 

e 
le 

3 4 5  
8 9 10 

13 I 4  15 

23 24 25 26 
29 30 31 32 
35 36 37 38 
41 42  43 U 
47 4 8  49 50 

11 16 21 27  33 39 45 

13 18 23 29 35  'I 47 
36 42  4 8  
I 4  1V 25 31 37 4 3  49  
I5 20 26 32 38 44 50 

i e  19 20 

12 17  22 2a u 40 46 

2 
7 

12 
17 
22 
28 
34 
40  
3 
8 

13 
18 
73 
a9 
35 
41 

4 
9 

14 
19 
25 
31 
37 
43 

5 
10 
15 
20 
26 
32 
38 
44 

1 ELASTIC 
0 lOOE+O8 0 lOOE*08 0 JOoE*OO 0 385E*07 
0 000E*00 0 000E*00 0 0ooE*00 0 000E*00 

1 32 1 
0 0 0  

1 000 
1 0 0  

50 0 000 20 000 

Figure B-4.- Input file for reduced integration analysis of double-cantilever beam. 
The change required for full integration is shown in parenthesis. 
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- P  

= X  

t y  
P = 1000 l b s  

b )  O R I G I N A L  PV!D DEFORMED CONFIGURATIONS 

Figure B-5.- Polar symmetric loading of a rectangular region. 
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POLAR-SVRHETRlC LOADlNO OF RECT*NOULAR REQIW 
o ~ o o ~ ~ o o o o o o o ~ o o ~ o o ~ o ~ o e o o o o o e e ~ e o e o e ~ ~ o ~ o o e o e  FILE-COSMlC-5 
ooooeoeoo~oeoooeoo.oeooo~~~~oe~oo~~ooooooo~a~eeeeoeeeeeeeeeoeeo~e~eeeeeeee 
XLONO XLINEAR PSTRESS XCULL DDNOJQ 

1 1 1  

25 16 7 
1 000 

oooooE*oo 1 2 3 4 5 
0 loooE+OI b 7 0 9 10 
0 2OOOE+O1 I 1  1 2  1 3  14  I5 
0 3OOOE+01 16 1' 1 0  1 9  20 
0 400OE+01 2 1  22 23 2 4  2 5  

0 OOooE+OO 1 6 11 16 21 
0 1OO0E+OI 2 7 12 17 22 
0 aoOoE+Ol 3 0 1 3  1 8  23 
0 3O00E+Ol 4 9 14 19 2 4  
3 4000E+Ol S 10 IS 20 2 5  

1 1 6 7 7  
2 b 11 1 2  7 
3 11 16 17 1 2  
4 16 21 22 17 
3 2 7 0 3  
6 7 12 13 0 
7 17 17 18 1 3  
0 17 22 23 1 0  
9 3 8 9 4  

10 0 13 14 9 
11 13 1 0  1 9  14 
12 10 23 2 4  19 
13 4 9 1 0  5 
14 9 14 1S :O 
I5 14 19 20 15 
1 6  1 9  2 4  2 5  20 
3 1 1  

71 0 1 
IELASTI c 

0 1OOE+O8 0 IOOE*O0 0 3 0 0 E 4 0  0 305E+07 
0 000E*00 0 000E*00 0 00OE+00 0 000E+00 

1 16 1 
0 0 0  

1 000 
1 4 0  

2 2 2 2  
25 1000 000 0 000 

-1  -9 
-3 -7 
-2 -10 
-4 -0 
0 

Figure B-6 . -  Input f i l e  for polar symmetric loading of rectangular region. 
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APPENDIX C 

This  appendix d i scusses  error messages and p o t e n t i a l  debug strategies. 

A se l f -explana tory  d i a g n o s t i c  message is output  and execut ion  te rmina ted  

under the  fo l lowing  condi t ions :  

1) A node has  an  unspec i f i ed  coord ina te  

2) An element has  an unspec i f i ed  material group number 

3) The p lane  stress o r  p lane  s t r a i n  op t ion  is s p e l l e d  i n c o r r e c t l y  

4) An element has a l i n e a r  s t i f f n e s s  matrix w i t h  a d iagonal  element less 
than  o r  equa l  t o  zero.  

5 )  The rank o r  bandwidth of t he  g l o b a l  s t i f f n e s s  matrix exceeds the 
maxi mum allowed. 

I f  t he  g l o b a l  s t i f f n e s s  matrix is s i n g u l a r ,  t h e  decomposition r o u t i n e ,  

F a i l u r e  to  s p e c i f y  DBAND, p r i n t s  "Matrix is s ingular ' '  and h a l t s  execut ion .  

s u f f i c i e n t  r e s t r a i n t s  t o  prevent  r i g i d  body motion is a f r equen t  cause f o r  a 

s i n g u l a r  s t i f f n e s s  matrix. A s i n g u l a r  s t i f f n e s s  ma t r ix  is o f t e n  encountered 

i n  geometr ica l ly  nonl inear  a n a l y s i s  because t h e  load increments  are too  l a r g e  

(which causes  t h e  i t e r a t i v e  s o l u t i o n  process  t o  d ive rge )  o r  because buckl ing  

occurs .  The maximum a l lowable  load increment can only be determined through 

experience.  However, f requent  updat ing  of t he  t a n g e n t i a l  s t i f f n e s s  matrix 

( i . e .*  a small value is input  f o r  NCYCLE) does permit  larger load increments.  

The i n t e r n a l l y  generated f o r c e s  a t  a l l  nodes are c a l c u l a t e d  and output .  

These fo rces  should be numerical ly  ze ro  except  a t  nodes where loads are 

app l i ed  o r  displacements  arp s p e c i f i e d .  o r  a t  nodes involved i n  a mul t i -poin t  

c o n s t r a i n t .  E r r o r s  i n  modeling w i l l  o f t e n  cause spu r ious  nodal  fo rces ,  which 

can be used t o  he lp  i s o l a t e  the  modeling e r r o r s .  

P l o t t i n g  all f i n l t e  element models ts highly  recommended, s i n c e  t h e  p l o t  

To t r a c k  down e r r o r s  not diagnosed by w i l l  qu ick ly  r evea l  many input  e r r o r s .  

CAMNAS. hos t  computer debug u t i l i t i e s  are recommended. 
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